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摘要
中国的沼气产业现呈现规模和数量逐年递增的趋势，则其副产物（沼渣）也
随之增多。由于人为因素和环境因素，沼气工程的原料及产物沼渣也会含有大量
重金属。目前沼渣最常用的资源化方式是直接好氧堆肥，但是随着时间的推移，
沼渣中重金属会逐渐累积到土壤并可通过食物链不断在生物体内富集，最终会危
害人体健康。此外，重金属对生态系统的危害不仅仅由其总量决定，其化学形态
的含量也起到了决定性作用。不同的重金属形态可表现出不同的环境污染效应，
也直接影响到重金属的生物可利用性、毒性及其在环境中的化学活性。因此根据
研究现状，本文开展了针对重金属在生物质厌氧发酵体系中形态分布与转化的相
关研究。主要的研究结果如下：
（1）考察了六种重金属（Zn、Cu、Ni、Cd、Pb、As）的总含量在四种不
同原料及其反应后所得沼渣沼液的整体分布情况。结果表明四种原料中，六种重
金属在畜禽类粪便中含量相对较高，尤其是猪粪和鸡粪，而秸秆中相对较低；在
四种原料中，Zn、Cu含量远高于其他四种重金属，其中猪粪中 Zn、Cu、Ni 含
量最高，鸡粪中 Cd和 As含量最高，Pb在牛粪中含量最高；六种重金属在四种
不同原料经过厌氧发酵反应后，原料中大部分重金属存留于沼渣中，少量释放于
沼液之中；
（2）考察了六种重金属（Zn、Cu、Ni、Cd、Pb、As）的总含量在以四种
不同原料为底物的厌氧发酵过程中四种形态（酸溶态、可还原态、可氧化态、残
渣态）含量及其迁移率的分布及转化情况，结果表明六种重金属在四种不同原料
及沼渣中最主要形态的百分比差异较小。猪粪、鸡粪、牛粪中 Zn 的酸溶态通过
厌氧发酵反应后都有所增加，其中鸡粪增幅最大；猪粪和鸡粪中 Cu的可氧化态
含量百分比经过厌氧发酵反应后有所增加；Ni 的酸溶态在四种反应体系中均降
低，其中鸡粪幅度最大；Cd的酸溶态含量占比在此过程中均有所增长而其可氧
化态均有所降低；As 的可还原态均有不同程度降低，其中牛粪下降幅度最大。
四种原料经过厌氧发酵后 Pb的可氧化态和残渣态占比均有所增加；对比发现厌
氧发酵反应过程对鸡粪、猪粪中重金属的形态分布影响较大，对于牛粪、秸秆的
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II
影响相对较小；六种重金属的迁移率在以四种原料为底物的厌氧发酵反应前后的
变化率规律：鸡粪>猪粪>牛粪>秸秆；
（3）考察了在以猪粪为原料的厌氧发酵反应的整个过程中，六种重金属的
总含量在沼渣沼液的分布和变化情况、沼渣中六种重金属的各形态含量和迁移率
的变化情况以及底物组分及 CH4日产气率与六种重金属总量及各形态转化的相
关性分析。结果表明在沼渣中六种重金属总量会逐渐增加，而沼液中会逐渐减少，
主要因为随着反应的进行，液相中重金属会渐渐吸附在固体表面或胶团上形成沉
淀进入沼渣，所以沼液中重金属含量会降低。六种重金属各个形态含量及迁移率
皆在甲烷日产气量最高（第 5-8 天）附近时的变化幅度最大，则可推测重金属形
态转化及分布在厌氧发酵体系中与其所含有机质含量和微生物菌群种类及数量
有关；反应后阶段形态转化较少，趋于平衡。六种重金属的迁移率在厌氧发酵过
程中，除 Pb之外，其余五种重金属的迁移率在厌氧发酵反应后依旧很高，其中
Zn 和 Cd 这两种重金属迁移率有所增大，而 Cu、As、Pb和 Ni 有所降低。对比
迁移率在整个过程的变化情况，Zn、Ni、Pb的变化率相对较大；底物组分及 CH4
日产气率与六种重金属总量及各形态转化具有不同程度的显著相关性，其中 CH4
日产气率整体与重金属形态的显著相关性最弱。
关键词：生物质；厌氧发酵；重金属形态；迁移率；
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Abstract
The size and number of the Chinese biogas industry are increasing year by year,
the by-product(biogas residue)also increased. Due to human factors and
environmental factors, there are large quantities of heavy metals in biogas engineering
products and the raw materials of biogas project. At present, the most commonly used
biogas residue is a direct way of aerobic composting. But as time goes on, heavy
metals in biogas residue will gradually accumulate in soil and may pass through the
food chain to continue to accumulate in organism, which eventually endanger human
health. In addition, the detriment of heavy metals to ecosystems is determined not
only by its total amount, but also by its chemical speciation. Different speciations of
heavy metals can exhibit different environmental pollution effects, which directly
affect the bioavailability, toxicity and chemical activity in the environment of the
heavy metals. Therefore, according to the research status, this paper carried out the
research on the speciation distribution and transformation of heavy metals in biomass
anaerobic fermentation system. The main results are as follows:
(1) The distribution of the total quantity of the six kinds of heavy metals (Zn, Cu,
Ni,Cd,Pb,As) in four kinds of different raw materials(pig manure,cattle
manure,chicken manure,rice straw)and the biogas slurry and the biogas residue after
the reaction. The results showed that there are large quantities of the six kinds of
heavy metals in the livestock and poultry manure among the four kinds of raw
materials, especially pig manure and chicken manure, but there are relatively less of
them in straw. Among four kinds of raw materials, Zn and Cu have a much higher
content than the other four kinds of heavy metals, where Zn, Cu and Ni have the
highest content in pig manure, the content of Cd and As in chicken manure is the
highest, and content of Pb in cattle manure is the highest. After anaerobic
fermentation reaction, most of the six kinds of heavy metals in four different raw
materials remained in the residue, while a few released in the slurry.
(2) Study on the distribution and transformation of the content and mobility ratio
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of the six kinds of Zn, Cu, Ni, Cd, Pb and As in four different speciations(acid soluble
speciation,reduced speciation,oxidated speciation,residual speciation) with four
different kinds of different raw materials as the substrate in anaerobic fermentation
process. The results show that there are few percentage difference among six kinds of
heavy metals in the respect of four different raw materials and the main speciation of
the residue. The acid soluble speciation of Zn in pig manure, chicken manure and
cattle manure was increased after anaerobic fermentation, and the increase of chicken
manure was the largest; The percentage of oxidable Cu in pig manure and chicken
manure increased after anaerobic fermentation, and the acid solubility of Ni decreased
in the four reaction systems with chicken manure the highest. The content of acid
soluble speciation of Cd was enhanced in the process and the oxidation state fraction
was reduced. The reducible state form of As can be reduced to varying degrees, in
which the largest decline in cattle manure. After the anaerobic fermentation of the
four kinds of raw materials, the content of Pb oxidated and residual speciation
increased. The results showed that the anaerobic fermentation process had a great
influence on the speciation distribution of heavy metals in chicken manure and pig
manure with a relatively small effect in rice straw and cattle manure. The rate of
change of six kinds of heavy metals in the anaerobic fermentation of four kinds of raw
materials: chicken manure > pig manure > cattle manure > rice straw.
(3) Study the changes of the contents of six kinds of heavy metals in the
distribution and variation of biogas slurry and biogas residue, the content of the six
kinds of heavy metals in all kinds of speciations and the change of their mobility ratio
and correlation between substrate composition and CH4 daily gas production and six
of the total amount of heavy metals and transformation among different speciations in
the whole process of anaerobic fermentation reaction with pig manure as raw
materials. The results show that the total amount of the six kinds of heavy metals in
biogas residue will gradually increased while gradually reduced in the slurry, mainly
because with increasing reaction time, the heavy metal in liquid phase will adsorbed
on solid surfaces or micelles to accelerate the formation of precipitation into biogas
residue, then the contents of heavy metals will reduce. The content and mobility ratio
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of the six kinds of heavy metal changes in the largest variation on the day 5-8 when
methane gas production maximized, it is presumed that the heavy metal speciation
and distribution in anaerobic fermentation system related with organic matter content
and the species and quantity of microbial flora. The migration rate of heavy metals in
the process of anaerobic fermentation, in addition to Pb, is still very high after the
anaerobic fermentation reaction, where the migration rate of Zn and Cd increased and
that of Cu,As,Pb and Ni decreased. Comparison of variation in mobility ratio in the
whole process, the variations of ratios of Zn, Ni and Pb were relatively large; there are
different degrees of significant correlation between substrate composition and CH4
daily gas production and the total content of the six kinds of heavy metals and their
transformation from one speciation, while CH4 daily gas production the weakest
significantly correlated with heavy metal speciation.
Key words:Biomass;Anaerobic fermentation;Heavy metal speciation;Mobility ratio
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1
第一章 绪论
1.1 沼气工程发展现状及沼液沼渣处理方法
1.1.1 沼气工程发展现状
进入 21 世纪，人类面临着严重的资源短缺问题，因而解决能源短缺问题已
迫在眉睫。沼气工程作为国家扶持的重点项目，不仅绿色环保、节能高效，而且
很大程度地改善了农村的生活条件，有效推动了农村的节能减排发展[1]。
图 1-1 我国处理农业废弃物的大中型沼气工程的分布
Fig. 1-1 Distribution of large and medium biogas projects for agricultural wastes
in China
根据《2015 中国农村年鉴》可知我国处理农业废弃物的大中型沼气工程主
要分布在长江中下游区、黄淮海区和华南区，黄土高原地区和西北地区分布较少，
如图 1-1所示。我国沼气工程的数量逐年增多，尤其是农用数量的增加更为显著，
据《2012-2016年中国沼气产业市场研究与投资预测报告》显示，中国农村户用
沼气池的数量在 2000年底为 848万户，2006年达到 2200万户，2015年底已达
5000 万。由图 1-2 可得，中国农村户用沼气池数量以平均每年约 17%的速度逐
年递增，直至 2010 年底中国大中型沼气工程的数量已达到 2.7 万个，因此随着
>1万 m³
5千-1万 m³
<5千 m³
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